Skin is a self-renewing tissue that is required to go through extensive proliferation throughout the lifespan of an organism. Telomere shortening acts as a mitotic clock that prevents aberrant proliferation such as cancer. A consequence of this protection is cellular senescence and ageing. The telomerase enzyme complex maintains telomere length in germline cells and in cancer cells. Telomerase is also active in certain somatic cells such as those in the epidermis but is almost undetectable in the dermis. Increasing evidence indicates that telomerase plays a significant role in maintenance of skin function and proliferation. Mutations in telomerase component genes in the disease dyskeratosis congenita result in numerous epidermal abnormalities. Studies also indicate that telomerase activity in epidermal stem cells might have roles that go beyond telomere elongation. Telomeres in skin cells may be particularly susceptible to accelerated shortening because of both proliferation and DNA-damaging agents such as reactive oxygen species. Skin might present an accessible tissue for manipulation of telomerase activity and telomere length with the potential of ameliorating skin diseases associated with ageing.
Telomeres and telomerase
Telomeres are critical structures at the end of eukaryotic chromosomes made up of numerous copies of G-rich repeats. In mammals, the telomere repeat is TTAGGG reiterated thousands of times (1) . Telomeres protect the ends of chromosomes from degradation and from being recognized as double-stranded breaks. Without telomeres, chromosomes will fuse and genetic instability will occur (2) . The telomere repeats bind a large number of proteins called the shelterin complex that stabilizes the telomere to fold back onto itself into what has been referred to as a T loop ( Fig. 1) (3) . Telomere shortening, telomere damage or expression of mutant telomere-binding proteins can disrupt the shelterin complex and lead to activation of a DNA damage response and cellular senescence (4) . Telomere shortening occurs during normal DNA replication because of what has been called the end replication problem, which simply means that DNA polymerase cannot completely replicate the 5′ ends of newly synthesized DNA strands (5) . It has been proposed that telomere shortening acts as a mitotic clock to prevent unregulated cell proliferation such as occurs in cancer (6) . This mechanism of cancer prevention, however, is believed to come at a cost. Accumulating evidence indicates that telomere-mediated replicative senescence can lead to ageing (7) .
Telomeres can be maintained by the enzyme complex telomerase (8) . Telomerase was originally discovered in the unicellular eukaryote, Tetrahymena, by Elizabeth Blackburn and Carol Greider (9) . For their work on telomerase and telomeres, Blackburn, Greider and Jack Szostek recently shared the 2009 Nobel Prize in Medicine. Telomerase consists of a reverse transcriptase component called TERT and an RNA component called TERC (also referred to as TR or TER) that is utilized by TERT to add telomere repeats to the chromosome end ( Fig.  2) (10) . Other proteins are also involved in the telomerase complex including dyskerin (DKC), which stabilizes small nucleolar RNAs (snoRNAs) such as TERC (8) .
Expression of telomerase components is tightly regulated in human cells (11) . Telomerase is active in germline cells but most differentiated somatic cells do not exhibit much if any telomerase activity (12) . However, detectable levels are observed in certain stem cell components, in various hematopoietic lineages, and in cells of the basal epidermis (13) (14) (15) . Telomerase is highly active in over 90% of all cancers (16) . This rate approaches 100% in squamous cell carcinomas and, in fact, the small numbers of cancers that do not have active telomerase are usually not of epithelial origin and maintain telomeres through a modified form of mitotic recombination called alternative lengthening of telomeres (ALT) (17) . For example, the ALT mechanism of telomere elongation is more frequent in liposarcomas, fibrosarcomas and sarcomas (18) . TERT has been generally viewed as the rate-limiting component of telomerase activity, and much work has been performed to understand how it is regulated during development and carcinogenesis [for reviews see (11, (19) (20) (21) (22) ]. TERT levels can be upregulated in cancer by a variety of mechanisms, including transcriptional upregulation, protein stabilization and gene amplification (23) . Low levels of TERT expression are detectable in human epithelial cells, which goes along with the observation that these cells have some telomerase activity (15, 24, 25) . Fibroblasts, on the other hand, have little to no TERT and, concomitantly, have barely detectable telomerase activity (26) . The RNA component TERC is expressed at readily detectable levels in most cell types, including skin fibroblasts and epidermal cells (27) . Evidence is now accumulating, however, that in addition to upregulation of TERT, upregulation of TERC levels can also increase the amount of telomerase activity in stem cells and other cells, and there have been several reports that many cancers exhibit amplification of the TERC gene and high TERC expression (23, 28, 29) . In normal cells, it would appear that both TERT and TERC levels are fine-tuned to carefully regulate telomerase activity but that this regulation becomes dysfunctional in cancer cells.
Mouse models of telomerase and telomere dysfunction
Mouse models of telomerase deficiency have provided evidence that telomere shortening may be important for skin ageing. Inbred strains of mice are somewhat unusual in that they have fairly active telomerase in most somatic tissues and very long telomeres (30, 31) . Telomerase knockout mice (either by knocking out TERT or TERC) do not generally exhibit a phenotype until their telomeres are shortened to a critically short length after several generations (32) (33) (34) . Mice with critically short telomeres exhibit problems with highly proliferative tissue, including epidermal abnormalities such as poor wound healing, ulcerative skin lesions, early hair loss and early hair greying. Wound healing is a particular problem in telomerase knockout mice. Histologic sections revealed a marked delay in wound re-epithelization, epithelial gaps and incomplete coagulum formation, particularly in older telomerase knockout mice, and this was not directly associated with proliferative index (33) . Telomerase knockout mice also exhibit a deficiency in epidermal stem cell mobilization after treatment with TPA (12-O-tetradecanoylphorbol), and epidermal cells from telomerase knockout mice have lower clonogenic capacity compared to normal agematched controls (34) . The exact number of generations that it takes for telomerase knockout mice to display a phenotype depends on genetic background, which may reflect different starting telomere lengths or other factors. In mixed genetic background, an early ageing phenotype is not observed until the 5th or 6th generation (33) , whereas it occurs in the 3rd or 4th generations in a straight C57BL6 background (34) . More recently, it has been demonstrated using a mouse strain (i.e. CAST/EiJ) that starts with telomeres that are more similar in length to human cells (35) that knockout of telomerase can lead to tissue proliferation problems within one or two generations (36, 37) . Heterozygosity of TERC, but not necessarily TERT, is associated with decreases in telomere length (38) , and this is particularly apparent in the CAST/EiJ strain where, after several generations, TERC heterozygosity results in a phenotype that is similar to telomerase knockout mice (36) . Thus, telomerase deficiency is associated with skin defects in mice.
Mouse models have also revealed that dysregulation of genes that code for telomere-binding proteins can also lead to epidermal abnormalities. For example, it was demonstrated that epidermal-specific conditional knockout of a gene called TPP1, which codes for a telomerebinding protein (see Fig. 1 ), led to severe skin problems, including hyperpigmentation and impaired hair follicle morphogenesis and perinatal death (39) . Knockout of TPP1 was associated with telomere end-to-end fusions and genetic instability. Similarly, epidermalspecific knockout of another telomere-binding protein, TRF1, resulted in epidermal abnormalities, including skin hyperpigmentation and epithelial dysplasia (40) . Mice that conditionally overexpress the telomere-binding protein, TRF2, display increases in skin cancer, premature skin degeneration, skin hyperpigmentation and skin dryness (41) . These results indicate that telomere function, and not just telomerase per se, is important for normal skin function and development.
Telomeres and telomerase in human disease
While mouse studies are of interest, mice are not humans and, as mentioned earlier, telomere length is much longer (up to ten times longer) in inbred strains of mice than in humans. In addition, telomerase is generally considered to be more highly active in mouse somatic cells when compared to human somatic cells. To really understand the role of telomere shortening in human ageing and human disease requires a human model system. A human disease called dyskeratosis congenita (DC) has been shown to be linked to mutations in telomerase component genes including TERT, TERC and DKC (42) . DC patients often present with dyskeratotic nails, early hair greying and hair loss and dyspigmented and reticulated skin (43) . Other problems such as leukoplakia, bone marrow failure, a slightly higher risk of cancer, and more recently pulmonary fibrosis, have also been associated with DC (44) . DC patients have very short telomeres, and the observation that epidermal problems are associated with this disease would suggest that telomere maintenance is an important component of epidermal homeostasis (42) . DC mutations can come in many forms. The DKC gene is X-linked and recessive mutations often become apparent in males (45) . Mutations in TERT or TERC can be autosomal dominant (46, 47) . While some of these mutations might act in a dominant negative fashion, as both TERT and TERC act as dimers, there are also several reports of mutations in TERT and TERC that result in products that are non-functional or exhibit low levels of expression (48) . In these latter cases, haploinsufficiency is believed to be the reason for the disease traits (49) . One such family that we have been studying in Iowa exhibits an autosomal dominant pattern of inheritance (46) . The mutation in this family is a large deletion of the 3′ end of TERC that causes instability and little to no expression.
Other human diseases, including liver fibrosis, aplastic anaemia, acute myeloid leukaemia and pulmonary fibrosis, have also been linked to mutations in genes that code for telomerase components or telomere-binding proteins (Table 1) (46, (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) . This indicates that defects in telomere maintenance may play an underappreciated role in diseases associated with ageing.
That epidermal abnormalities are associated with DC indicates that maintenance of telomere length is important for skin homeostasis and function (see discussion below).
Telomerase in human skin
The role of telomerase activity in the human epidermis is not completely clear. As mentioned earlier, telomerase can be detected in keratinocytes of the basal epidermis but not in skin fibroblasts (68) . Telomerase activity has also been localized to the bulge component of the hair follicle (69) . Whether this activity efficiently maintains the telomeres in human epidermis remains somewhat controversial. There is evidence that telomeres shorten with age in human skin or after skin grafting (70) (71) (72) (73) . Other studies have demonstrated only minimal shortening of telomeres in the human epidermis with age, less than that observed in fibroblasts, suggesting that telomerase in the epidermis may provide a certain degree of telomere maintenance in vivo (74, 75) . Certain environmental factors can increase telomerase activity in the epidermis. For example, it has been shown that telomerase activity is increased in the epidermis after it has been exposed to ultraviolet (UV) light or even poison ivy (14) . There is also speculation that telomerase can be increased in the epidermis upon inflammation (76) . Thus, telomerase may be activated in the epidermis as it is needed for cell proliferation and repair of damage. Shortening of telomeres is believed to provide a barrier for epidermal cell proliferation (i.e. cancer) in vivo. Telomerase is almost always activated in squamous cell carcinomas of the skin, indicating that upregulation of telomerase is important for skin carcinogenesis (77, 78) . Whether telomere shortening in skin cells is a cause of skin ageing is not entirely clear and will be discussed in more detail later in this review.
It should be noted that telomerase regulation in keratinocytes cultured in vitro might be somewhat different than that which occurs in vivo. When grown in culture, epidermal keratinocytes exhibit low levels of telomerase at early passage but by mid-passage it is turned off to hardly detectable levels (79) . Co-culture with irradiated or mitomycin C-treated feeders can prolong the time that telomerase is kept on in culture but, even in these conditions, telomerase activity decreases with passaging (80) . Even with some telomerase activity, keratinocytes in culture still exhibit telomere shortening (80) . In addition, increased telomerase activation is a prerequisite for keratinocyte immortalization in vitro (81, 82) . A number of studies have been performed to determine how telomerase is upregulated in skin keratinocytes during immortalization and transformation. For example, it has been shown that expression of the E6 protein from high-risk mucosal human papillomaviruses (HPV), such as HPV-16 and from cutaneous HPV types, such as HPV-5 and HPV-8, can activate telomerase in human skin keratinocytes (83, 84) . This activation of telomerase, along with the abrogation of the p53 and pRb pathways by HPV E6 and E7, has been demonstrated to be a necessary component of cellular immortalization by HPV (81) . HPV E6-mediated activation of telomerase has been shown to occur through transcriptional upregulation of TERT, although upregulation of TERC might also play a role (85, 86) . The mechanism by which HPV E6 activates TERT is not completely clear but likely involves degradation of a transcriptional repressor (i.e. NF-X1) and /or activation of a transcriptional activator (i.e. cmyc) (87, 88) . Other studies have shown that expression of c-myc can activate telomerase in human skin keratinocytes (89) . Activation of TERT in human keratinocytes is associated with histone acetylation of the chromatin in the TERT promoter (90, 91) . As with any eukaryotic promoter, regulation of TERT and TERC is complex and further studies are necessary to determine exactly how these genes are regulated during normal development, differentiation, ageing and carcinogenesis.
As mentioned earlier, telomerase activation is a prerequisite for immortalization of skin keratinocytes. Many human cells types, such as fibroblasts, can be immortalized by overexpression of TERT alone (92) . Interestingly, several studies have now demonstrated that skin keratinocytes have a greatly increased proliferative capacity after high-level expression of exogenous expression of TERT (93, 94) . In fact, it has been argued that under the right growth conditions (i.e. with irradiated feeder fibroblasts) that telomerase activation alone is sufficient for immortalization of keratinocytes (93) . TERT immortalization of skin keratinocytes is often associated with eventual loss of p16 INK4a , even in feeder culture conditions, indicating that p16 INK4a still provides a potential barrier to excessive proliferation in the presence of high telomerase activity (81, 86, 94) . Exogenous expression of TERC can also lead to telomerase activation and an extension of lifespan in keratinocytes, suggesting that TERC levels are also rate limiting for telomerase activity in this cell type (86) . These observations are likely due to the fact that keratinocytes express low levels of TERT and the combination of low TERT with exogenous TERC results in enough telomerase to maintain telomeres. In fibroblasts, TERC expression alone has little effect because fibroblasts do not express TERT. Thus, skin keratinocytes and skin fibroblasts differ in their ability to activate telomerase and have extended proliferation through expression of TERT and TERC.
A question that remains is whether telomere shortening plays a significant role in the ageing of skin. One study in mice indicated that telomeres do not exhibit extensive shortening in epidermal stem cells as mice age (95). However, other studies have demonstrated with convincing evidence that telomere shortening occurs in epidermal stem cells as normal mice age (34, 96) . For humans, DC patients suffer from a number of epidermal abnormalities including poor nail growth, early hair loss, hair greying and skin atrophy (97, 98) . Skin fibroblasts and keratinocytes from DC patients have short telomeres and proliferative and functional defects, including poor in vitro wound healing in early passage keratinocyte cultures (86, 99) . Skin fibroblasts from other DC families with different mutations have also been shown to have proliferative defects (100,101). While studies characterizing skin keratinocytes from DC patients are limited, these initial findings point to the likely possibility that telomerase dysfunction and/or telomere shortening in skin fibroblasts and keratinocytes are important for the ageing process in skin.
Exogenous expression of telomerase to correct telomere defects
If telomere shortening is involved in skin ageing, then activation of telomerase should ameliorate skin ageing. As mentioned, TERT, and possibly TERC, expression can extend the lifespan of human keratinocytes, and TERT expression can immortalize human skin fibroblasts in vitro. Functional and proliferative defects in DC keratinocytes and fibroblasts can be improved by activation of telomerase (86, 99) . Minimal telomerase activation, by expression of TERC alone, can maintain telomere length in DC keratinocytes (86) . Expression of both TERT and TERC can lead to extremely high levels of telomerase and significant extension of telomere length in human cells (99) . Whether having very long telomeres is 'good' for a cell or not is unknown. It is possible that this may lead to susceptibility to transformation. In vivo, it has been demonstrated that exogenous expression of TERT using an adenovirus can improve the rate of wound closure in a rabbit model of wound healing (102) . Mice that have been engineered to express TERT specifically in the epidermis, have thickened epidermis and exhibit the ability to regenerate hair faster than non-transgenic mice (103) . This effect has been specifically localized to an improved ability of epidermal stem cells to mobilize. It should be noted that at least one study indicated that TERT was acting through a mechanism that did not necessarily depend on the telomere elongation function of TERT but rather on other TERT functions (104, 105) . Certainly, evidence is accumulating that TERT, has functions that go beyond its role in telomerase activity (106) . While TERT transgenics have 'improved' skin, these mice also have increased rates of epidermal carcinogenesis (107) . Interestingly, breeding TERT transgenic mice to mice that are tumor resistant (by virtue of expressing extra p16 INK4a and a more active form of p53) resulted in offspring that did not get tumors and, in fact, these mice exhibited a significantly extended lifespan (108) . This was true even though increased TERT expression was supposedly only localized to epithelial cells (the transgenic TERT was driven by a K5 promoter). With age, these mice exhibited less dermatitis and better preservation of the thickness of both the epidermis and the subcutaneous fat layer compared to corresponding age-matched controls. While these highly manipulated mice may not be considered normal, the results indicate that telomerase activation may provide a means to slow down ageing if the extra proliferation afforded by lengthened telomeres can be controlled by other mechanisms.
Interplay between telomeres and oxidative stress
Reactive oxygen species (ROS) have long been considered as a reason for the ageing of skin (109) . In fact, many cosmetic products claim to have antioxidant properties that prevent skin ageing. In vitro studies have implicated ROS in accelerating telomere shortening (110) .
Thus, some of the effects of ROS may be mediated through telomere-associated cell senescence. Using fibroblasts, it was demonstrated that higher levels of oxygen (above ambient) and high doses of hydrogen peroxide cause rapid telomere shortening and concomitant cell senescence (110, 111) . The telomere strand composed of TTAGGG repeats might be exquisitely sensitive to oxidative stress because they are G-rich and guanines can be modified to 8-oxyguanosine by ROS (112) . This base alteration could accelerate telomere shortening by causing the loss of binding of telomere proteins. Accelerated telomere loss after peroxide treatment might be mediated by DNA repair processes in the cell. Also, DNA damage in general could accelerate telomere shortening in the skin (113) .
Interestingly, there is evidence that cells with longer telomeres might be more sensitive to oxidative stress (114) . This is in contrast to other findings that indicate that cells and mice with short telomeres are more sensitive to DNA-damaging agents (115) . Another study suggested that telomere loss in keratinocytes could be delayed by treatment with vitamin C (an antioxidant) or by stimulation of endogenous antioxidants through low level treatment with hydrogen peroxide (116) . If telomere shortening is mediating the effects of ROS with regard to ageing, decreasing ROS or increasing antioxidants in cells should provide a potential mechanism to decrease telomere shortening and ageing in the skin. There is a possibility that ROS might have very different effects on skin fibroblasts versus skin keratinocytes. As mentioned earlier, keratinocytes treated with low level peroxide exhibit delayed telomere shortening and extension of lifespan, most likely through modulation of antioxidant levels (116) , whereas fibroblasts treated with low levels of peroxide exhibit increased telomere shortening and shortened lifespan (111) . In addition, it has been demonstrated that keratinocytes are more resistant to DNA damage and growth inhibition caused by oxidizing agents such as UVB and ionizing radiation compared to fibroblasts and tend to undergo more apoptosis and less senescence compared to fibroblasts in these conditions (117) . Thus, while keratinocytes with short telomeres and/or damaged DNA might be removed by apoptosis, fibroblasts may become senescent, remaining in the dermal tissue to affect epidermal growth through processes such as paracrine signalling and extracellular matrix deposition. Indeed, recent studies have demonstrated that senescent fibroblasts secrete higher levels of osteopontin, which causes increased proliferation of premalignant keratinocytes (118) . On the other hand, when compared to normal fibroblasts, senescent skin fibroblasts turn down expression of IGF-1 and this causes an inappropriate UVB response in skin keratinocytes (119) . It will therefore be important to not only characterize differences in the ways that different cell types respond to ROS and how this affects telomere shortening, but also to determine whether the effects of ROS on one cell type (and concomitant telomere shortening and senescence) have effects on other cell types. Studies such as these will help to define how cellular senescence leads to ageing and cancer.
Conclusions and perspectives
Telomeres have an important role in the life of skin cells, including the ageing of skin. Telomerase, the tightly regulated enzyme complex that maintains telomere length in rapidly proliferating cells such as germline and cancer cells, has been implicated in having a key role in the maintenance of skin cell function and proliferation. Mutations in genes of the telomerase complex lead to many diseases that involve epidermal abnormalities, such as in DC. A delicate balance between telomere length and telomerase activity is required to maintain normal skin cells and avoid cancer (Fig. 3) . Experimental studies in mice and cell culture have led to many discoveries about telomeres and telomerase. Studies of human skin keratinocytes have shown the importance for regulation of telomere length and telomerase activity in these cells. It is possible that the shortening of telomeres in cells of the dermis (e.g. fibroblasts) may lead to defects in the epidermis; further studies are needed to elucidate this interaction. As an environmental barrier for the body, the skin's exposure to ROS would suggest a role for ROS in telomere shortening and ageing in skin cells. Future studies will be instrumental in further defining the relationships between ROS, DNA damage, senescence and ageing and the state of telomeres in skin cells. This may lead to treatments or therapies that manipulate telomerase or other factors that alter the length of telomeres, in order to slow down damage and ageing in skin. Telomere Structure. Human telomeres are regions of DNA that cap the ends of chromosomes and consist of 8-15 kb of repeats of the hexamer TTAGGG that terminates in a 3′ G-rich overhang. The DNA of telomeres is found complexed with a large number of proteins, including the six that comprise the shelterin complex: telomeric-repeat binding factor 1 (TRF1), TRF2, RAP1, TIN2, TPP1 and POT1. These proteins help create a protective structure at chromosome ends, known as the telomeric loop (or t loop). The single-stranded G-rich overhang invades the double-stranded helix of the telomere, protecting the single-stranded DNA (now in the displacement, or D loop) from detection by DNA damage machinery. See text for references. Presented is a summary of factors and activities that lead to either telomere shortening or telomere maintenance, and the possible outcomes in cells, as well as in organisms as a whole. (Left box): Telomere shortening occurs normally during cell division and DNA replication, because of the end replication problem. Mutations in telomerase and shelterin complex genes can lead to accelerated shortening and dysfunctional telomeres. In addition, reactive oxygen species or other DNA-damaging agents cause rapid telomere shortening. The erosion of telomeres to a short critical length activates a DNA damage response, cell cycle arrest and senescence. This causes failure of tissue regeneration and tissue ageing. In the context of p53 mutation, short telomeres can lead to genetic instability, which may play a role in the development of cancer. (Right box): The upregulation of TERT and/or TERC expression through a variety of factors (e.g. transcriptional upregulation, stabilization of the transcript or protein) causes activation of telomerase, which can maintain or even elongate telomeres. In a normal context, this allows stem cell maintenance, cell proliferation and tissue regeneration. Upregulation of TERT has also been shown to be involved in mobilization of epidermal stem cells. Unchecked telomerase activity is associated with cellular immortalization, which is a prerequisite for cancer and can result in accumulation of genetic and epigenetic changes that may increase the likelihood of malignancy. See text for references. 
